Abstract-In this paper, the error performance of multiuser CDMA system with space-time coding is studied in Rician fading channel, and the corresponding bit error rate (BER) and symbol error rate (SER) analysis are presented. Based on the performance analysis, a simple and effective multiuser receiver scheme is developed. The scheme has linear decoding complexity when it compares to the existing scheme. Based on the performance analysis, and using mathematical manipulation, the BER and SER of multiuser space-time coded CDMA system are derived, respectively. As a result, accurate closed-form expressions of BER and SER are respectively obtained. With these expressions, the performance of multiuser CDMA system with space-time coding can be evaluated effectively. Computer simulation shows that the developed receiver scheme has almost the same performance as the existing scheme, and the theoretical BER and SER can match the corresponding simulation results well.
INTRODUCTION
Recently, multiple-input and multiple-output (MIMO) technique is well known to offer improvements in bandwidth efficiency along with diversity and coding benefits over wireless fading channels [1] [2] [3] [4] . Especially space-time block coding (STBC) in MIMO systems can provide effective diversity for combating fading effect [5] [6] [7] [8] [9] [10] , and has received much interests. However, the conventional STBC scheme is only used for single-user environment, and thus it will be not suitable for multiuser scenario in practice. Hence, it is necessary to extend the STBC scheme into multiuser CDMA scenario for practical purposes. Based on different multiuser spacetime coded system models, the receiver schemes are designed in references [11] [12] [13] [14] [15] [16] [17] [18] and references therein. In reference [11] , the bit error rate (BER) analysis is provided for space-time coded CDMA system with the conventional matched filter receiver, but the analysis method and system model are applicable only to the BPSK modulation and downlink, and does not provide the closed-form BER expression for Rician fading channel. The given symbol error rate (SER) expression for space-time codes needs summing from 0 to infinity, whereas the infinity is difficult to decide. In reference [12] , a minimum variance linear receiver scheme for multiuser MIMO system is proposed, but the system needs to design and optimize the weighted matrix to suppress the multiuser interference (MUI). As a result, the computational complexity is very complicated. In reference [13] , the performance of multiuser CDMA system with transmit diversity is studied, but the analysis is limited in BPSK modulation and two transmit antennas. For multicarrier-CDMA (MC-CDMA) system, a least mean-square based adaptive receiver scheme is proposed for MC-CDMA with Alamouti"s STBC [14] , but the scheme is limited in two transmit antennas and one receive antenna. The performance of space-time coded MC-CDMA system is analyzed in Nakagami fading channel [15] , but the analysis is limited in Alamouti"s STBC and BPSK modulation. Blind space-time multiuser detection schemes are presented in reference [16] for MC-CDMA system. The performance of space-time coded MIMO system with cross-layer design is analyzed in spatially-correlated and Keyhole Nakagami fading channel [17] , but the analytical method is applicable only to single user system. Reference [18] gives the effective combination of CDMA system and different space-time codes, and the developed decorrelative receiver scheme can decouple the detection of different users, but the decoding complexity is exponential for each user, which will not benefit practical application. Moreover, the above schemes basically do not provide the error performance analysis, and are limited in Rayleigh fading channel, whereas in practice, the system may experience the Rician fading due to the direct-path propagation.
Due to the reason above, the error performance of space-time coded CDMA system in Rician fading channel is studied. Firstly, a multiuser space-time coded CDMA system model is presented, and then a lowcomplexity multiuser receiver scheme is proposed by utilizing maximum ratio combining (MRC) method and orthogonality of space-time coding. The presented spacetime coded CDMA system can achieve effective MUI suppression by using multiuser detection method. After decorrelating, each user has linear rather than exponential decoding complexity. According to the performance analysis, and using mathematical calculation, the average BER and SER of the system are derived in detail. As a result, accurate and approximate closed-form expressions of BER and SER are attained for space-time coded CDMA with orthogonal and quasi-orthogonal spreading code, respectively. Simulation results show that the proposed low-complexity scheme can obtain almost the same performance as the existing scheme. Theoretical BER and SER will be in good agreement with the corresponding simulations. Thus, the effectiveness of the theoretical formulae is verified.
Note: the superscripts () U active users that operates over a flat and quasi-static Rician channel is considered. The multiuser CDMA system employs the space-time block coding schemes (such as conventional full-diversity 2 G , 3 G , 3 H , 4 G , 4 H code [5, 8] , full-rate X code [7] ) to transmit the data. For each user u , the channel gain h u,ln denotes the channel gain from the nth transmit antenna to the lth receive antenna, which is assumed to be constant over a frame of T symbols and varied from frame to frame. For Rician fading channels, the { h } [19] and changing variable, the probability density function (pdf) of  can be obtained by 22 , and v I (x) is the vth-order modified Bessel function of the first kind [20] [21] .
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III. LOW-COMPLEXITY MULTIUSER RECEIVER
In this section, A low-complexity multiuser receiver design for multiuser space-time coded CDMA system is given. For multiuser CDMA system with space-time coding, the block length of space-time code is set equal to Q chip periods. Then according to reference [18] , the transmitted signal matrix of user u at qth ( q 1,2, ,Q  ) chip period is 
D (which corresponds to
Q chip periods), this SNR adopts the definition similar to Ref. [18] for comparison consistency.
Substituting (2) into (3), the received signal at qth chip period can be expressed as
In order to express (4) more compactly, the matrices is defined as:

, and W [w(1) , , w(Q)]
Then according to reference [22] , obtain the ML estimate of S conditioned on u {H  and u {D  is obtained as
Here, the Moore-Penrose inverse matrix H H -1 C (CC ) can be expressed as a multiuser decorrelator [18, 22] , and thus the ML estimate Ŝ is an effective output of the decorrelator with the input being the received data Y . By this decorrelator, the multiuser interference is cancelled, and the detection of different users is decoupled. Based on the block structure of S , the ML estimate 
, where ,ul s is a 1 T  row vector. Thus when 3 G code scheme is employed, T=8. Considering that u S has the receiver signal form similar to the conventional STBC in single user scenario [7] [8] , the simple decoding scheme for the space-time coded CDMA system with 3 G code after performing multiuser decorrelation is obtained by utilizing the MRC method and complex orthogonality of STBC, i.e.,
When G 2 code [5] is used, T=2,
corresponding simple decoding scheme can be given by
Besides, when X code [7] is employed, T=4,
, the simple decoding scheme can be given by can be attained as
From (7) and (8) as well as (9), it is observed that the developed decoding scheme has linear complexity. For Ref. [18] , its receiver decoding schemes with coherent detection (i.e. (44) and (45) in [18] ) are shown as follows:
1) For general spreading codes:
2) For orthogonal spreading codes:
From the above two equations, it can be seen that the decoding scheme in [18] has exponential complexity. Namely, if
 is a constellation consists of M symbols, the search times that need to obtain the transmitted P symbols is P M . Thus, when M and P become larger, the complexity will be much higher. As a result, the implementation complexity of the system will be increased significantly. While for our scheme, the needed search times are MP only. Based on this, the complexity comparison between the developed scheme and the existing scheme [18] in Table. 1 is given. From Table 1 , it can be seen that the proposed scheme has lower complexity than the existing scheme. (12) and (13), the following equations can be obtained.
( 1) 1: ,( 1) 1:
When the orthogonal Walsh-Hadamard codes are used for spreading codes, the matrix C  will be identity matrix 
A. Orthogonal Walsh-Hadamard Code Case
When the orthogonal Walsh-Hadamard code is used for spreading code, the covariance of u W will be identity matrix, and its elements are i.i.d . complex Gaussian variables with mean zero and variance unit. Based on this, utilizing the orthogonality of space-time block coding, the effective SNR for user u at the receiver is given by
Using (1) and changing variable, the pdf of  in (16) with Rician factor 
The cumulative distribution function (cdf) of  can be expressed as (17)- (20), the average BER for multiuser space-time coded CDMA system with MQAM or MPSK modulation is evaluated as follows
where G() denotes the integration in (21) defined as
Substituting (17) and (18) into (22) gives
where the equality 
where
According to Eq. (23), 2 g is written as:
The above derivation utilizes Eq.(6.643), Eq.(9.220) and Eq.( 9.215) in reference [21] .
With Eqs. (24) and (25), () Ga in (21) can be expressed as
where v and w are defined in (24) and 1 F (x,y;z) is the confluent hypergeometric function [21] . Substituting (26) into (21) yields
Eq.(27) is an accurate BER expression for multiuser space-time coded CDMA system with MQAM, and it is also a high-accuracy approximate BER expression for multiuser space-time coded CDMA system with MPSK modulation, which is shown to match the simulation well.
According to Refs. [19] [20] , utilizing (17) and (26), a closed-form approximate expression of average SER of multiuser space-time coded CDMA system with MPSK modulation is obtained as: 
can be obtained by using (30) and (31).
It is well known that the CDMA system performance with quasi-orthogonal spreading code is worse than that with orthogonal spreading code. Namely, the BER of the former is higher than that of the latter, and the corresponding effective SNR (denoted by 
By substituting u  with no  into (26), and then using (28) and (29), the closed-form approximate expressions of average SER of the multiuser space-time coded CDMA system with MPSK and MQAM for quasiorthogonal spreading code case is obtained as follows. 
where :
H codes are used for evaluation. In simulation, the channel is assumed to be quasi-static flat Rician fading. Every data frame includes 480 information bits, and Gray mapping of the bits to symbol is employed. The MonteCarlo method is employed for simulation. For different STBCs, the different modulation modes to maintain the same the transmission rate is employed. 6 active users are considered in the system, and conventional Gold codes (P=63) and Walsh-Hadamard (W-H) code (P=64) are used for spreading code, respectively. The simulation results are shown in Fig.1-Fig.4 . In these figures, "G 2 -CDMA", "G 3 -CDMA", "H 3 -CDMA", "G 4 -CDMA" and "H 4 -CDMA" denote the CDMA system with G 2 , G 3 , H 3 , G 4 and H 4 code, respectively. "scheme 1" and "scheme 2" represent the existing decoding scheme in [18] and our improved scheme, respectively. The average BER and SER are obtained by averaging over 10 7 Monte-Carlo realizations, and thus the results can be accurate enough to reflect the actual values. Fig. 1 shows the BER versus SNR for different spacetime coded CDMA systems with the Rician factor K=0, 5dB, where single receive antenna (1Rx) is considered, and Gold code is used for spreading code. For G 2 -CDMA, 8PSK modulation is employed, while for H 3 -CDMA, 16QAM is used instead. Thus, the overall transmission rate is 3 bit/s/Hz. From Fig. 1 , it can be seen that H 3 -CDMA performs better than G 2 -CDMA due to its larger diversity gain. Moreover, it is observed that multiuser space-time coded CDMA system with the developed scheme 2 has almost the same performance as multiuser space-time coded CDMA system with the existing scheme 1 due to better approximation and full utilization of complex orthogonality of space-time block coding, but the implement complexity of scheme 2 is much lower than scheme 1 because of the linear decoding. It means that our scheme 2 is valid and makes a good tradeoff between performance and complexity. Besides, the average BER in Rician fading channel is obviously lower than that in Rayleigh fading channel ( 0 K  ) due to the presence of direct path. In the following simulation, the scheme 2 will be employed for the system evaluation due to its simplicity. In Fig. 2 , the theoretical average BER/SER and simulation results of different space-time coded CDMA systems with 1Rx and orthogonal W-H code are given.
The space-time codes 2 G and 3 G are considered, and the Rician factor K=6dB. Regarding modulation, 4QAM is employed for G 2 -CDMA, whereas 16QAM is used for G 3 -CDMA, resulting in the overall transmission rate of 2bit/s/Hz. The (27) and (29) are employed for computing the theoretical BER and SER of the system, respectively. It is found that the theoretical BER and SER are in good agreement with the simulated values. Moreover, G 3 -CDMA system outperforms G 2 -CDMA system due to greater diversity. The above results show that the derived theoretical formulae for space-time coded CDMA system with orthogonal W-H code are valid for performance evaluation. In Fig. 3 , it plots the theoretical average BER and simulation results of space-time coded CDMA systems with Gold code and two receive antenna, where 2 G and 4 H code are considered, and Rician factor K=6 dB. For G 2 -CDMA, 8PSK modulation is used, while for H 4 -CDMA, 16QAM modulation is employed. Thus, the overall transmission rate is 3 bit/s/Hz. The (34) is employed for the theoretical BER calculation of the system. The SER performance expressions (35) and (36) are used for MPSK and MQAM, respectively. From Fig.3 , it can be seen that the theoretical BER and SER are very close to the corresponding simulation results. Besides, it is found that H 4 -CDMA system outperforms G 2 -CDMA system due to high diversity gain. The above results show the derived BER and SER expressions for space-time coded CDMA system with Gold code are also effective for performance evaluation.
VI. CONCLUSIONS
The error performance of multiuser space-time coded CDMA systems over Rician fading channel is investigated. A simple and effective multiuser receiver scheme is developed for space-time coded CDMA systems. The scheme can effectively suppress MUI via multiuser detection method, and greatly reduce the high decoding complexity of the existing scheme. According to the performance analysis of the system, and using the mathematical derivation, accurate and approximate closed-form expressions of BER and SER are obtained, respectively. With these expressions, the error performance of space-time coded CDMA can be effectively assessed. Simulation results show that the derived theoretical BER and SER expressions are in good agreement with the corresponding simulation results. The developed receiver scheme can obtain almost the same performance as the existing scheme, and it has lower complexity than the latter. 
